IRRITABLE BOWEL SYNDROME (IBS) is a relatively common disease affecting Ͼ15% of the population by some estimates. Although its etiology remains unknown, data support the hypothesis that small intestinal bacterial overgrowth (SIBO) is etiologic, given the effectiveness of nonabsorbable antibiotics and diets low in fermentable oligo-, di-, and monosaccharides and polyols (FODMAPS) in relieving symptoms (11, 27, 49) . Other compelling data support the involvement of serotonergic signaling, given the association of treatment with selective serotonin [5-hydroxytryptamine (5-HT)] receptor antagonists with clinical improvement (22, 24) . To integrate these findings, we have recently found that enterochromaffin (EC) cells, which store 95% of overall 5-HT content (25) , express receptors for the predominant bacterial metabolites, short-chain fatty acids (SCFAs), namely free fatty acid receptor 2 (FFA2) or G protein-coupled receptor 43, in rat duodenum (2) . According to our hypothesis, excess SCFAs in the foregut lumen generated from FODMAPS by the overgrowth of fermentative bacteria overactivate FFA2, with resultant supernormal 5-HT generation and consequent symptoms.
Emesis is a common upper gastrointestinal symptom, triggered by central pathways and by vagal afferent nerves (45, 57) . 5-HT, a common neurotransmitter and mediator, is involved in the genesis of nausea and emesis (5) . The quantity of EC cells and overall mucosal 5-HT content are highest in the duodenum in humans and second highest in rats (28, 56) . A variety of stimulants trigger 5-HT release from EC cells, including mechanical stimulation [intraluminal pressure (21) , mucosal stroking (41) ], diet or food poisoning [bitter tastants (13) ], gastric acid (42) , bacterial metabolites [SCFAs (23) ], infectious diseases [cholera toxin (61) , rotavirus (29) ], and chemotherapeutic agents [cisplatin (17) ]. In health, released 5-HT stimulates enterocytes and enteric neural circuits to increase the rate of ion secretion and the rate and amplitude of smooth muscle contraction with resultant propulsive motility. Nevertheless, excessive release of 5-HT is associated with pathological symptoms such as nausea, vomiting, and diarrhea that occur with chemotherapy, celiac disease, the carcinoid syndrome, and with diarrhea-predominant IBS (8, 15, 17, 64) . Conversely, low 5-HT bioavailability is implicated in constipation-predominant IBS (6) . Released 5-HT activates 5-HT 3 receptors expressed on vagal afferent nerves in the lamina propria mucosa, which transmit neural signals to the vomiting center (area postrema) via the nucleus tractus solitaries, where 5-HT 3 receptors are expressed (7) . Therefore, nausea, vomiting, and diarrhea due to a variety of causes are commonly treated clinically with anti-emetic 5-HT 3 receptor antagonists (57) .
Although SCFAs are generally considered to be products of colonic bacterial fermentation, significant SCFA production is present in the upper gastrointestinal lumen, derived from oral flora and from the ingestion of previously fermented foods (12, 32, 35) . The density of 5-HT-containing EC cells in the duodenum is second only to that of the proximal colon in rats, perhaps because of the high concentrations of foregut SCFAs that stimulate EC cells to release 5-HT (23, 28) . Because duodenal EC cells express the SCFA receptor FFA2 (2), we hypothesized that luminal FFA2 agonists increase 5-HT release from EC cells and that excessive 5-HT release may trigger nausea and vomiting, or unfavorably affect duodenal defense mechanisms.
The duodenal mucosa, regularly exposed to gastric acid, is protected by multilayered defense mechanisms that avert and prevent mucosal injury (39) . Cyclooxygenase (COX), the ratelimiting enzyme for prostaglandin (PG) synthesis, is inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs), which in turn induce small intestinal injury in humans, cats, and rodents, with additional production of duodenal lesions in humans and cats (20, 53) but duodenal sparing in rats. These species differences have been related to interspecies variations of the multilayered foregut defense mechanisms consisting of not only the COX-PG pathway but also the "capsaicin pathway," including activation of capsaicin-sensitive afferent nerves (3) .
In contrast to the physiological mucosal defenses of the duodenum, the duodenum may additionally be the origin of dyspeptic symptoms, since infusion of acid or lipid in the duodenum triggers dyspeptic symptoms, including fullness, bloating, nausea, satiety, epigastric burning sensation, and epigastric pain in patients with diagnosed functional dyspepsia (43) . Although these symptoms are linked to the release of several gut hormones such as cholecystokinin (CCK), glucagon-like peptide (GLP), and peptide YY (PYY) (10, 63) , they are alleviated with 5-HT 3 receptor antagonists (9), further implicating 5-HT release, presumably in response to luminal stimuli, in the generation of the symptoms. Therefore, 5-HT release may be correlated with physiological mucosal defense and also with pathological symptom generation.
Here, we examined the effect of a synthetic selective FFA2 agonist on duodenal mucosal defenses, 5-HT release, and indomethacin (IND)-induced enteropathy. Interestingly, an FFA2 agonist increased the rate of duodenal HCO 3 Ϫ secretion and 5-HT release but induced duodenal mucosal lesions when accompanied by an ulcerogenic dose of IND via 5-HT 3 receptor activation. Because rodents cannot vomit because of anatomical and central circuit variants (30) , reduced clearance of luminal substances that stimulate excessive 5-HT release from EC cells may injure the rat duodenal mucosa.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats weighing 200 -250 g (Harlan, San Diego, CA) were fed a pellet diet and water ad libitum. All studies were performed with approval of the Veterans Affairs Institutional Animal Care and Use Committee. Rats were fasted overnight with free access to water before the experiments. Animals were euthanized by terminal exsanguination under deep isoflurane anesthesia, followed by thoracotomy.
Chemicals (50) were synthesized, purified, and verified in the Laboratory of Organic Chemistry, School of Pharmaceutical Sciences, University of Shizuoka, Japan (2); GLPG-0974 was also obtained from Tocris Bioscience (Ellisville, MO). RS-23597 was obtained from Tocris Bioscience. Omeprazole (OPZ), ondansetron (Ond), atropine (ATR), indomethacin (IND), methylcellulose, and other chemicals were purchased from Sigma Chemical (St. Louis, MO). IND was dissolved in ethanol. PA1 and GLPG-0974 were dissolved in DMSO. Omeprazole was suspended in 1% methylcellulose in saline containing 1% NaHCO3 (54) . All other chemicals were dissolved in distilled water to make a stock solution.
IND-induced intestinal injury. IND-induced small intestinal injury was induced as previously described (33) . IND (10 mg/kg) was subcutaneously (sc) injected under brief isoflurane anesthesia (4%). After IND treatment, the animals were recovered from the anesthetic and returned to their cages with free access to water and food for 24 h. Portal venous (PV) and arterial blood were collected under isoflurane anesthesia, followed by euthanasia by terminal exsanguination 24 h after IND treatment. The gastrointestinal tract from the stomach to terminal ileum was removed and longitudinally opened along the antimesenteric curvature, since IND-induced intestinal ulcers are principally localized to the mesenteric curvature. After carefully removing the luminal contents and gently rinsing the mucosa in normal saline, the small intestine was cut into~10-cm segments. The gastric antrum was defined as segment 0, the duodenum as segment 1, the jejunum as segments 2 and 3, and the ileum as segments 4-7. Observed ulcers were typically circular and linearly arranged. The diameter of each ulcer was macroscopically measured with the cumulative ulcer length of all ulcers in each segment calculated. Overall ulcer length was defined by the sum of the cumulative ulcer length in each segment. The sum of ulcer length in the duodenum, the jejunum ϩ ileum, and in all segments was defined as duodenal, nonduodenal, and overall ulcer index (mm), respectively.
After the intestines were photographed, macroscopically normal and ulcerative tissues were fixed with Zamboni's fixative overnight at 4°C. After cryoprotection in 20% sucrose-containing phosphate-buffered saline, tissues were embedded in OCT compound, and cryostat sections were cut at 8 m thickness. Sections were counterstained with Alexa-633 phalloidin for F-actin, Alexa-488 wheat germ agglutinin for mucin, and 4=,6-diamidino-2-phenylindole for the nucleus (Invitrogen, Carlsbad, CA).
Drug treatment for the intestinal injury study. The following drugs were given intragastrically (ig) or intraperitoneally (ip) just before IND treatment; the selective FFA2 agonist PA1 (0.1-1 mg/kg ig) (44) , the selective FFA2 antagonist GLPG-0974 (0.1 or 1 mg/kg ig) (50), the 5-HT3 receptor antagonist Ond (3 mg/kg ip) (38) , the 5-HT4 receptor antagonist RS-23597 (1 mg/kg ip) (19) , OPZ (10 mg/kg ig) (54) , and ATR (10 mg/kg ig) (54) . All chemicals except OPZ were diluted in saline. All solutions were given at 1 ml/kg. DMSO (0.1% in saline) was used as vehicle control.
Duodenal loop perfusion in vivo.
A duodenal loop and PV cannulation were prepared as previously reported (2, 35) . Briefly, under isoflurane anesthesia (2%), the PV was cannulated with a polyethylene (PE)-50 tube attached with a 23-gauge needle and fixed by methylacrylate adhesive at the insertion site. A PE tube was inserted in the incision of the forestomach through the pyloric ring, where it was sutured in place. Another PE tube was inserted in the distal duodenum, creating a 2-cm duodenal loop. The pancreaticobiliary duct was ligated followed by duct cannulation with a PE-10 tube attached with a 30-gauge needle to avoid contaminating the duodenal lumen with pancreatic and biliary secretions. The effluent tube was connected to flow-through pH and CO 2 electrodes. The loop was perfused with O2-bubbled normal saline, pH 7, at 1 ml/min by a peristaltic pump. After stabilization for~30 min, time was set as t ϭ 0 min. The loop was perfused with saline from t ϭ 0 to 10 min, followed by the perfusion of pH 7 Krebs buffer with or without PA1 (1 M or 0.1 mM) from t ϭ 10 to 35 min. Some animals were coperfused with GLPG-0974 (0.1-10 M) and PA1 (1 M). Some animals were pretreated with IND (5 mg/kg sc) 1 h before the experiments to assess the effect of COX inhibition on HCO 3 Ϫ secretion and 5-HT release. pH and CO 2 electrode measurement was recorded every 5 min to calculate total CO2 output as previously described (46) . PV blood (200 l) was collected at t ϭ 10, 15, 20, and 35 min, followed by infusion of equal volume of saline right after each PV blood withdrawal.
5-HT measurement in PV plasma. After centrifugation at 5,000 g for 5 min, PV plasma was kept at Ϫ80°C until use. 5-HT content in PV plasma was measured using a 5-HT ELISA kit (Eagle Bioscience, Nashua, NH) according to the manufacturer's protocol.
Duodenal blood flow measurement. Duodenal blood flow was measured by laser Doppler flowmetry as previously described (4). Briefly, under isoflurane anesthesia (2%), the duodenal mucosa was exposed. A superfusion chamber was placed over the mucosa with water-resistant adherent (Silly Putty; Binney & Smith, Easton, PA). The chambered mucosa was topically superfused with pH 7 Krebs solution. After stabilization, time was set to t ϭ 0 min. The mucosa was superfused with pH 7 Krebs for 10 min, followed by superfusion with or without pH 2.2 Krebs solution and/or PA1 (1 M or 0.1 mM). Some animals were pretreated with IND (5 mg/kg sc), which systemically inhibits COX activity, 1 h before the surgery as previously described (1) to assess the effect of COX inhibition rather than the effect of ulcerogenic IND (10 mg/kg), since the latter reduces intestinal blood flow over time (55) . Some animals were intravenously injected with Ond (1 mg/kg) at t ϭ 0 min. Data were collected every 5 min and expressed as percent of basal.
To correlate local 5-HT levels with blood flow responses to 5-HT, we examined the effects of exogenous 5-HT on duodenal blood flow. The abdominal aorta was retrogradely cannulated with a PE-50 tube, whose tip was placed at the entry of celiac and superior mesenteric arteries. After~30 min stabilization with luminal superfusion of pH 7 Krebs over the duodenal mucosa as described above, in parallel with intra-arterial infusion of saline, 5-HT in saline (0.1 M-1 mM) was infused intra-arterially at 0.02 ml/min, equivalent to 0.002-20 nmol/ min. The doses of 5-HT were increased in a stepwise manner every 5 min.
Statistics. Values are expressed as means Ϯ SE. The number of animals in each experimental group was n ϭ 4 -6. Statistical analysis was performed using GraphPad Prism 6 (La Jolla, CA) using one-way ANOVA or two-way ANOVA followed by Dunnett's test or Tukey's multiple comparisons. Differences were considered significant when P values were Ͻ0.05.
RESULTS

Effect of PA1 on IND-induced enteropathy.
IND (10 mg/kg sc) reproducibly produced small intestinal ulcers, principally in the ileum, whereas duodenal injury was rarely observed (Figs. 1A and 2, A and D). Figure 1A= depicts grossly normal duodenal mucosa in the IND alone group. In contrast, PA1 ϩ IND treatment dose dependently induced macroscopic duodenal lesions, whereas distal small intestinal (jejunal and ileal) injury was reduced (Figs. 1, B and C, and 2A). Figure 1B= depicts the proximal and midduodenal mucosal injury in the shown. The FFA2 agonist phenylacetamide 1 (PA1) was given intragastrically just before IND treatment. IND treatment induced intestinal ulcers in mostly the proximal and midileum (the 4th-6th segments from the top) (A), whereas the duodenum was intact (A=). PA1 treatment at 0.3 (B and B=) and 1 (C and C=) mg/kg induced duodenal lesions (black line delineates the lesions in B= and C=), whereas the number of ileal ulcers was reduced (B and C). Note that C= represents maximal mucosal injury with mucosal denudation of the entire duodenum. A=, B=, and C=, magnified images of duodenal segment in A, B, and C, respectively. PA1 (0.3 mg/kg) ϩ IND group. In the most extreme case, PA1 at 1 mg/kg denuded the entire duodenal mucosa (Fig. 1C=) .
PA1 (1 mg/kg) alone or PA1 given with a nonulcerogenic though COX inhibitory dose of IND (5 mg/kg sc) did not grossly injure the duodenum or other small intestinal segments (Fig. 2, A-C) , suggesting that PA1 is not injurious in and of itself but rather increases the susceptibility to IND-induced injury. Although PA1 induced duodenal lesions ( Fig. 2A) , it did not affect the overall ulcer index (Fig. 2C) but significantly reduced the ulcer index of the jejunum and ileum (Fig. 2, B and  D) , suggesting that PA1 has dual effects on IND-induced enteropathy by increasing the injury susceptibility of the duodenal mucosa while protecting the distal small intestinal mucosa from injury.
Histochemical analysis confirmed that the macroscopic duodenal lesions were not ulcers but massive superficial erosions, since the muscularis mucosa and submucosal Brunner's glands remained intact (Fig. 3B) , whereas IND treatment alone had no effect on duodenal mucosal histology (Fig. 3A) , consistent with the macroscopic observations. These results indicated that PA1 treatment combined with an ulcerogenic IND dose (IND ϩ PA1) induced duodenal erosions but reduced the density and size of jejunal and ileal ulcers.
To confirm that the effect of PA1 was mediated via FFA2 activation, the selective FFA2 antagonist GLPG-0974 (0.1-1 mg/kg ig) (50) was simultaneously given with PA1. GLPG-0974 dose dependently reduced IND ϩ PA1-induced duodenal ulcer index (Fig. 4A) , whereas the effect of PA1 on the nonduodenal ulcer index was reversed (Fig. 4B) , confirming that IND ϩ PA1-induced duodenal injury was mediated by FFA2 activation.
Mechanisms of PA1-induced duodenal erosions in INDinduced enteropathy.
To identify the pathway underlying the effect of IND ϩ PA1, we next examined the effect of pharmacological interventions that reduced the effects of endogenous 5-HT and luminal acid, and also reduced motility.
The 5-HT 3 receptor antagonist Ond significantly reduced IND ϩ PA1-induced duodenal lesions, whereas the 5-HT 4 receptor antagonist RS-23597 had no effect on duodenal lesions (Fig. 5A) . In parallel, Ond had no further effect on the PA1-associated reduction of the nonduodenal ulcer index, whereas RS-23597 increased the overall and nonduodenal ulcer indexes (Fig. 5, B and C) , consistent with a previous report that 5-HT 4 receptor antagonism aggravates IND-induced small intestinal ulcers (38) . This result suggests that IND ϩ PA1-induced duodenal lesions are mediated by 5-HT 3 rather than 5-HT 4 receptor activation, whereas PA1-induced protection of nonduodenal segments from IND-induced ulcers occurs via 5-HT 4 -rather than 5-HT 3 -mediated pathways.
The proton pump inhibitor OPZ significantly reduced IND ϩ PA1-induced duodenal lesions (Fig. 5A) , whereas no change occurred in the overall ulcer index or with the PA1-associated reduction of the nonduodenal ulcer index (Fig. 5, B and C) , suggesting that gastric acid is involved in the induction of duodenal erosions but is not involved in jejunal or ileal injury due to IND ϩ PA1. A single dose of OPZ had no effect on IND-induced enteropathy, consistent with a previous report (54), although 9 days of OPZ treatment aggravated IND-induced enteropathy (65) .
The muscarinic receptor antagonist ATR had no effect on IND ϩ PA1-induced duodenal lesions (Fig. 5A) , whereas ATR reduced the overall ulcer index and further reduced the nonduodenal ulcer index (Fig. 5, B and C) , suggesting that hypermotility is not involved in IND ϩ PA1-induced duodenal erosions but is related to nonduodenal mucosal injury, as previously reported (54, 58) .
These results suggest that IND ϩ PA1-induced duodenal erosions are mediated via 5-HT 3 activation and gastric acid exposure but not by hypermotility. 
Effect of luminal perfusion of PA1 on 5-HT release in PV.
We have reported that luminal perfusion of PA1 (0.1-10 M) dose dependently increases duodenal bicarbonate secretion (2) . Because FFA2 is expressed on 5-HT-containing EC cells (2) , and because IND ϩ PA1 induced duodenal erosions via 5-HT 3 activation, we examined the effects of luminal PA1 perfusion on HCO 3 Ϫ secretion and on 5-HT release in the PV. Luminal perfusion of 1 M or 0.1 mM PA1 increased the rate of HCO 3 Ϫ secretion to the same extent, measured as total CO 2 output (Fig. 6A) , consistent with our earlier results (2). PA1 (1 M)-induced HCO 3 Ϫ secretion was dose dependently inhibited by coperfusion of the selective FFA2 antagonist GLPG-0974 (0.1-10 M), confirming that the effect of PA1 was mediated by FFA2 activation (Fig. 7A) .
PV plasma levels of 5-HT were stable during baseline perfusion of pH 7 Krebs buffer (Fig. 6B ). PA1 perfusion (1 M) gradually increased the 5-HT concentrations in PV plasma (Fig. 6B) , strongly suggesting that activation of FFA2 expressed on EC cells releases 5-HT. Higher concentrations of PA1 (0.1 mM) markedly increased 5-HT release, approximately eight times more than at 1 M at peak, then declining to baseline at t ϭ 35 min (Fig. 6B) , suggesting that high doses of PA1 may acutely mobilize EC cell 5-HT stores. Furthermore, the COX inhibitory dose of IND (5 mg/kg) had no effect on 0.1 mM PA1-induced HCO 3 Ϫ secretion and 5-HT release in PV (Fig. 6, A and B) , suggesting that the FFA2-5-HT pathway is COX independent. Coperfusion of GLPG-0974 inhibited the PA1-induced -HT release in PV (Fig. 7B) , confirming the FFA2 specificity.
Effect of luminal perfusion of PA1 on duodenal blood flow. Because one of the factors contributing to the pathogenesis of IND-induced enteropathy is the reduction of mesenteric blood flow (34, 55), we examined the effect of luminal PA1 on duodenal blood flow. Luminal superfusion of 1 M PA1 increased duodenal blood flow, whereas 0.1 mM PA1 reduced blood flow, compared with the pH 7.0 Krebs control group (Fig. 8A) . Luminal acid (pH 2.2) perfusion increased blood flow as previously described (1). The acid-induced hyperemic response was abolished by cosuperfusion of 0.1 mM PA1 (Fig.  8B) . Perfusion of acid ϩ PA1 in rats pretreated with a nonulcerogenic dose of IND (5 mg/kg sc) further diminished blood flow. Furthermore, Ond (1 mg/kg iv) injected at t ϭ 0 min mostly reversed the inhibitory effect of PA1 on acid-induced hyperemia without affecting basal blood flow. Interestingly, Ond alone slightly, but significantly, reduced acid-induced hyperemia, suggesting that acid-induced 5-HT release, as reported previously (40) , partially contributes to acid-induced hyperemia via 5-HT 3 receptor activation. These results suggest that a high luminal concentration of PA1 abolishes acidinduced hyperemia via endogenous 5-HT release, followed by 5-HT 3 receptor activation, whereas the physiological response to luminal acid may also involve 5-HT 3 receptor activation.
Effect of intra-arterial infusion of exogenous 5-HT on duodenal blood flow.
To assess the effects of exogenous 5-HT on duodenal blood flow, we chose intra-arterial infusion of 5-HT, since bolus intravenous injection of 5-HT rapidly decreased duodenal blood flow (data not shown), mostly because of the direct cardiovascular depressant effects followed by peripheral vasoconstriction (67). 5-HT infused intra-arterially at low doses (0.002-0.2 nmol/min corresponding to the original concentrations of 0.1-10 M) dose dependently increased duodenal blood flow, whereas higher doses of 5-HT (2.0 and 20 nmol/min) rapidly and dose dependently decreased blood flow (Fig. 9) . This result suggests that local 5-HT concentrations are correlated with blood flow responses; blood flow is increased at low concentrations but decreased at high concentrations.
DISCUSSION
We demonstrated that an ulcerogenic dose of IND combined with luminal FFA2 activation by PA1 induced duodenal mucosal injury, in contrast to IND treatment alone, which rarely caused duodenal injury. Furthermore, IND ϩ PA1-induced duodenal injury was mediated by 5-HT 3 receptor activation and gastric acid but not by hypermotility. We also demonstrated that luminal FFA2 activation increased 5-HT release in the PV and that 5-HT 3 receptor activation by endogenous 5-HT release in response to FFA2 activation abolished the hyperemic response to luminal acid. These results suggest that PA1-induced 5-HT release during COX inhibition disrupts duodenal mucosal defenses, increasing the injury susceptibility of the duodenal mucosa. This is the first study showing that excessive release of endogenous 5-HT is involved in the induction of duodenal erosions due to the impairment of duodenal defense mechanisms, including the hyperemic response to gastric acid, which occurs via 5-HT 3 receptor activation, further confirming that acid-induced hyperemia is an important factor of duodenal mucosal protection. Luminal acid exposure stimulates the release of 5-HT in the lumen and in the submucosa and the vasculature (40) . Lower concentrations of PA1 (1 or 10 M) augmented the rate of duodenal HCO 3 Ϫ secretion via 5-HT 4 receptor activation (2) and increased duodenal blood flow, suggesting that physiological levels of 5-HT release in response to luminal acid or low doses of an FFA2 agonist may enhance duodenal mucosal defenses. Interestingly, acid-induced hyperemia was reduced by a 5-HT 3 receptor antagonist, suggesting that 5-HT released by luminal acid partially contributes to the hyperemic response via 5-HT 3 receptor activation. Furthermore, low doses of exogenous 5-HT infused intraarterially increased duodenal blood flow, similar to the effect of low concentrations of PA1. Nonetheless, excessive release of 5-HT by higher concentrations of PA1 may be pathogenic because 0.1 mM PA1 not only released an approximately eight times greater concentration of 5-HT in the PV than in response to 1 M PA1 but also abolished protective acid-induced hyperemia, consistent with a previous report for exogenous 5-HT administration (60) . High doses of intra-arterial 5-HT also decreased blood flow, also corresponding to the effect of high concentrations of PA1. These results demonstrate that locally released 5-HT, luminal PA1 concentrations, and duodenal blood flow responses are closely correlated. Therefore, physiological levels of 5-HT release are mucosally protective via 5-HT 4 receptor activation and partially via 5-HT 3 receptor activation, whereas excessive release of 5-HT may increase duodenal mucosal injury susceptibility to luminal acid via 5-HT 3 receptor overactivation. Because COX inhibition by IND reduces HCO 3 Ϫ secretion in the stomach and duodenum, and then reduces gastric and duodenal luminal pH (59), the injurious effects of gastric acid should be enhanced in the duodenum after IND treatment, although IND alone rarely caused duodenal injury. Moreover, a nonulcerogenic dose of IND at 5 mg/kg with PA1 at 1 mg/kg did not injure the intestine, and PA1-induced 5-HT release was COX independent, consistent with a previous report showing that IND has no effect on toxin-induced 5-HT release in porcine jejunum (62), although 5-HT increases release of PGE 2 , the effect inhibited by IND in human jejunum (47) . These results further suggest that prolonged COX inhibition by an ulcerogenic dose of IND at 10 mg/kg with excessive 5-HT release induced by a high dose of PA1, concomitant with enhanced gastric acid exposure, induces duodenal lesions via disruption of multilayered defense mechanisms in the duodenal mucosa, including Fig. 8 . Effect of luminal superfusion of PA1 on duodenal blood flow. The duodenal mucosa was topically superfused, and duodenal blood flow was measured using laser Doppler flowmetry. A: luminal perfusion of PA1 at 1 M increased blood flow, whereas PA1 at 0.1 mM gradually decreased blood flow. Each data point is expressed as the mean Ϯ SE (n ϭ 6). *P Ͻ 0.05 vs. pH 7.0 Krebs group. B: mucosa was superfused with pH 2.2 Krebs with or without PA1 (0.1 mM). Some animals were pretreated with IND (5 mg/kg sc) 1 h before experiment or Ond (1 mg/kg iv) at t ϭ 0 min. Each data point is expressed as the mean Ϯ SE (n ϭ 4 -6). P Ͻ 0.05 vs. pH 7.0 Krebs group (*), pH 2.2 group ( †), and pH 2.2 ϩ PA1 group ( ‡). C: iv Ond injection significantly reduced acid-induced hyperemia. Each data point is expressed as the mean Ϯ SE (n ϭ 5 or 6). P Ͻ 0.05 vs. pH 7.0 Krebs group (*) and pH 2.2 group ( †).
hyperemic responses (Fig. 10) . Differential actions of 5-HT 3 and 5-HT 4 receptors are possibly the result of their localization (for instance, 5-HT 3 receptor is expressed on afferent nerves vs. 5-HT 4 receptor on epithelial cells), receptor affinities to 5-HT, interactions with other 5-HT receptors, and the contribution of the serotonin reuptake transporter that may regulate local 5-HT bioavailability.
The highest dose of PA1 (1 mg/kg ig) used for the intestinal injury study was given as an intragastric administration of 1 ml/kg of a 3.4 mM solution. We predicted that a Ͻ1 mM concentration of PA1 was continuously present in the duodenal lumen by intermittent transfer from the stomach after dilution with gastric juice and content. Therefore, continuous exposure to 0.1 mM PA1, which robustly released 5-HT in the perfusion experiments, may be equivalent to a single intragastric administration of a 1 mg/kg dose of PA1, which injured the duodenal mucosa when combined with 10 mg/kg IND. Because we confirmed that PA1-induced HCO 3 Ϫ secretion and PV 5-HT release were COX independent in the duodenum, FFA2-mediated 5-HT release and the ulcerogenic effects of IND may occur in parallel. In contrast, in the distal intestine (especially in the ileum), where IND principally induces injury, luminal PA1 concentration likely is present in the micromolar range, which releases lower amounts of 5-HT, which are protective. Because endogenous 5-HT released during the development of IND-induced enteropathy protects the intestinal mucosa via 5-HT 4 receptor activation, but aggravates injury via 5-HT 3 receptor activation, both shown in this study and in a previous report (38) , the levels of locally released 5-HT and the predominant activation of 5-HT 4 vs. 5-HT 3 receptors are likely vital for the development of IND-induced enteropathy in the distal intestine. The number of EC cells and the 5-HT content, higher in the duodenum than in the ileum (28), also inform the extent of local 5-HT release, which can either protect or injure the mucosa. Furthermore, the disparate effects of atropine on duodenal and distal intestinal injury also implicate the hypermotility induced by IND in the ileum for 5-HT release by increasing luminal pressure, a mechanism unlikely to occur in the duodenum.
Although it is difficult to measure the levels of locally released 5-HT in the mucosa, we could correlate 5-HT infused intra-arterially with blood flow responses. According to the blood flow rate of the rat superior mesenteric artery measured at 13.2 ml/min (18) , the predicted peripheral concentrations after intra-arterial 5-HT infusion are 15 nM for an infusion rate of 0.2 nmol/min, which increased blood flow as did PA1 at 1 M, and 150 nM at 2 nmol/min, which decreased blood flow as did PA1 at 0.1 mM. PV 5-HT levels were 0.57 nM at 100 pg/ml in the 1 M PA1 group and 4.54 nM at 800 pg/ml in the 0.1 mM PA1 group. A corresponding range of local 5-HT concentrations, predicted to be in the nanomolar range (should be higher in the subepithelial space), may contribute to the local changes measured in this study. Although the 5-HTinduced vasoconstriction is mainly mediated by the 5-HT 2A or 5-HT 1B receptor, dependent on types of vasculature (67), we observed the involvement of 5-HT 3 receptor in PA1-induced reduction of acid-induced hyperemia. Further study will clarify the underlying mechanism and receptor subtypes involved in the regulation of duodenal mucosal blood flow.
This study provides further evidence that luminal FFA2 agonists release 5-HT from EC cells. In the upper gastrointestinal lumen, luminal FFA2 agonists are predominantly SCFAs, Ϫ secretion (2). 5-HT also increases blood flow (BF) via 5-HT3 receptor activation. When gastric acid enters the duodenal lumen, luminal acid increases PGE2 production in parallel with 5-HT release and then further stimulates HCO 3 Ϫ secretion. Acid also activates acid sensors on afferent nerves and then increases blood flow (1) . In contrast, high doses of PA1 release excessive amounts of 5-HT that reduce blood flow via 5-HT3 receptor (over)activation (right). Additional COX inhibition by nonsteroidal anti-inflammatory drugs (NSAIDs) further decreases blood flow. COX inhibition also impairs HCO 3 Ϫ secretory response and mucus secretion against acid exposure (39) . Consequent luminal acid exposure fails to enhance mucosal defense mechanisms, followed by injuring the duodenal mucosa. Furthermore, excessive 5-HT activates 5-HT3 receptors on afferent nerves and then may trigger the abnormal symptoms such as emesis and epigastric pain. was infused ia in a stepwise manner from the entry of celiac and superior mesenteric artery at 0.02 ml/min, equivalent to 0.002-20 nmol/min. The duodenal mucosa was topically superfused, and duodenal blood flow was measured. Low doses of 5-HT dose dependently increased blood flow, whereas high doses dose dependently decreased blood flow. Each data point is expressed as the mean Ϯ SE (n ϭ 5). *P Ͻ 0.05 vs. the saline group.
derived from fermentation of carbohydrate substrates by oral floral (32) and also from ingestion of previously fermented foodstuffs (2) . These SCFAs are also absorbed as nutrients from the duodenal mucosa through the apical sodium-dependent monocarboxylate transporter 1 (SMCT1) and the basolateral monocarboxylate transporter MCT1/MCT4, expressed on the duodenocyte plasma membranes (35) . Therefore, under physiological conditions, luminal SCFAs may stimulate FFA2 on EC cells, followed by "physiological" postprandial release of 5-HT, which enhances mucosal defenses and motility. Because SIBO increases the luminal SCFA content in the jejunum severalfold higher than that of healthy subjects (31), pathological 5-HT release via FFA2 overactivation may occur. Furthermore, the microbiota induces the expression of the rate-limiting 5-HT-synthesizing enzyme tryptophan hydroxylase 1 and 5-HT storage in EC cells (48, 51, 68) . Because in functional dyspepsia and in IBS SIBO has been detected by culture and by breath testing, and because symptoms respond to nonabsorbable antibiotics, SIBO is implicated in the pathogenesis of these functional diseases (16, 26, 49) . Therefore, the increased concentration of luminal SCFAs associated with SIBO may overactivate FFA2 and enhance 5-HT release with the generation of pathological amounts of mucosal 5-HT with resultant emesis and dyspeptic symptoms such as bloating, nausea, fullness, and epigastralgia. Although rodents do not vomit (30) and it is difficult to evaluate dyspeptic symptoms in rodents, our observations that FFA2 activation under COX inhibition induced duodenal erosions suggest that reduced clearance of luminal FFA2 agonists followed by excessive 5-HT release may injure the duodenal mucosa in rats. Interestingly, IND ϩ PA1-induced duodenal injury and PA1 ϩ acid-induced reduction of blood flow were both inhibited by a 5-HT 3 receptor antagonist, clinically used in the treatment of nausea and emesis (9) . Therefore, IND ϩ PA1-induced duodenal injury holds promise as a rodent model of the foregut effects of 5-HT excess. Further study using animals capable of vomiting such as ferrets will clarify this possibility.
Because SCFAs themselves are nonselective, SCFA can also activate FFA3 expressed on L cells with resultant release of the intestinotrophic gut hormone GLP-2, which increases the rate of duodenal HCO 3 Ϫ secretion, prevents NSAID-induced enteropathy, and accelerates the healing of small intestinal ulcers (2, 33, 66) . Our previous studies combined with the present study suggest that the effects of luminal SCFAs on mucosal defenses are dependent on the balance between FFA2-mediated 5-HT release and FFA3-mediated GLP-2 release. Therefore, luminal SCFA-associated 5-HT-related symptoms such as those associated with SIBO may be treated with a FFA2 antagonist, whereas a FFA3 agonist may be useful to enhance mucosal defenses and repair. The observation that a selective FFA2 antagonist dose-dependently inhibited PA1-induced HCO 3 Ϫ secretion and PV 5-HT release, and IND ϩ PA1-induced duodenal injury helped confirm that luminal PA1 was FFA2 specific. These findings also suggest that luminal FFA2 antagonists may be therapeutic for IBS patients by inhibiting FFA2 overactivation associated with luminal SCFA, with consequent reduction of 5-HT release.
Although FFA2 is expressed on EC cells in rat duodenum (2), further supported by the present study, FFA2 is colocalized with GLP-1-or PYY-containing L cells, but not with 5-HTcontaining EC cells, in rat and human colon (36, 37) . This discrepancy may be explained by the different endocrine lineage in the foregut and hindgut mucosa. For instance, 5-HT is often colocalized with CCK in the duodenum (14) but rarely in the colon (52) in mice. Therefore, we predict the expression of FFA2 on human duodenal EC cells. Further study for FFA2-expressing EC cells with 5-HT content in the duodenal biopsy specimens will clarify the correlation between SIBO or functional symptoms and FFA2-mediated 5-HT release.
In conclusion, although physiological FFA2 activation enhances duodenal mucosal defenses by increased HCO 3 Ϫ secretion via 5-HT 4 receptor activation (2) and by increased duodenal blood flow, FFA2 overactivation in the presence of ulcerogenic doses of COX inhibitors may increase the vulnerability of the duodenal mucosa to gastric acid via 5-HT 3 receptor activation and the reduction of blood flow. Clinical translation of these novel mechanisms can lead to more effective therapies for 5-HT-releated dyspeptic symptoms.
